Abstract-This paper discussed on the design and analysis of a permanent magnet generator (PMG). Basically, the PMG is a slot-less type topology and operated in a single-phase. The flux direction in the air gap is in radial. It was developed for energizing the linear motor in pruner application. Due to this application, a compact generator that can produce 500W output power is required since the overall size of the PMG is important. Permeance Analysis Method (PAM) and Finite Element Method (FEM) were used to analyzed the PMG performance characteristic in addition of measurement of the PMG prototype. Various numbers of poles and rotor size were considered during this analysis. The results show that the slot-less PMG with stator size of 104 mm will produce maximum power of 650 W when it has 6-poles with rotor radius is 37 mm. Based on the results, the calculation method using PAM shows good agreement with measurement and simulation.
INTRODUCTION Among all changes in material's technology over previous years, advances in permanent magnet (PM) have the largest impact on electrical machines. With advantages such as high efficiency, compact size, and high power density, PM machines are becoming increasingly competitive in many applications. PM is used to create the fundamental acting field by replaced the field winding in machines. Interior PM topology is chosen to give added mechanical strength to the rotor assembly compare to the surface PM topology since this generator is used for high speed application. Single phase slot-less PMG is chosen because it has low losses and zero cogging force compare to the slotted topology. Moreover it has less total harmonic distortion (THD).
The size and performance of high-speed PMG depend on the permanent magnet properties, structure, and losses characteristic [1] . Beside that, both voltage and inductance have influence to the available power of the PMG [2] . Thus, to gain the desired inductance, certain number of poles, and other parameters must be selected properly.
The existing generator that available at the market did not meet the requirement in terms of its size and power capability. Thus, in this paper, the design and analysis of the PMG is studied. The PMG is aimed to produce output power about 500 W with the overall size is 104 mm. The optimization of the PMG was achieved by using PAM. The parameter such as number of pole and radius of the rotor are varied in order to get the best performance especially in terms of the output power of the PMG. The simulation, calculation, and measurement outcome were established from FEM simulation, PAM, and experimental result respectively.
II. BASIC STRUCTURE AND PRINCIPLE

A. Basic Structure of Slot-less PMG
A single phase slot-less PMG with a 12-pole rotor with radial flux direction at the air gap is developed. The detail views of the stator and rotor structure are given in Fig. 1 together with its basic flux path. The stator is composed of coils and coil case for stator winding availability. The rotor structure is formed by permanent magnets, rotor core, and a shaft as illustrated in Fig. 1 . The permanent magnets are embedded in the rotor since the PMG is designed for high speed application. The Neodymiumiron-boron (NdFeB) permanent magnets are magnetized in a circumferential direction. The magnets are located between wedges of magnetic material of the pole pieces in the rotor. Flux passes through this wedge, going radially at the air gap, then circumferentially through the magnet. The rotor and stator are made from magnetic material such as soft steel (SS400). However the shaft is made from non ferromagnetic material (SUS403). 
B. Basic Principle of Slot-less PMG
The induced voltage in the PMG is based on Faraday's Law as in (1) . It states that the induced voltage in any closed circuit is equal to the rate of change of the magnetic flux linkage by the circuit. Hence for this PMG, the rotation of the rotor will produce rotating magnetic field in the stator. Consequently, the voltage is induced by the winding coil at the stator yoke due to its rate of change of flux.
In order to determine the PMG flux path, the developed computer program which is FEM is used. As can be seen from Fig. 1 , the N pole PM drive the flux through the large air gap (g 6 mm) straight into the stator yoke. The fluxes then travel along the stator core, return across the air gap and then enter the rotor core through the S pole PM. Fig. 2 shows the basic electrical equivalent circuit of the generator when connected to the load that consists of purely resistance, R L . This circuit is used as a reference in order to determine the performance of the PMG by varying the R c and L c value. Here, E G represent as the induced voltage by the PMG, R c is the internal resistance of coil winding, and L c is the self inductance of the generator. 
III. ANALYSIS OF LUMPED MAGNETIC CIRCUIT
A. Lumped Magnetic Circuit of Slot-less PMG
The flux, ĭ induced by the PM is calculated by using PAM. The permeance consideration area and the parameter that were considered in the analysis are shown in Fig . As can be seen, there is only one permeance area at the air gap were considered which is P 1 . P 1 is the permeance area between stator and rotor. The magnetic equivalent circuit for the PMG as depicted in Fig. 4 only consists of series connection of permeance area at air gap, P 1 . From the lumped magnetic circuit, the total permeance of the PMG as well as its inductance can be calculated.
B. Flux Calculation
Based on the magnetic equivalent circuit in Fig. 4 , the total permeance, P t for one pole is calculated as in (2) . This is the permeance for the PM where the coil area is assumed as air gap. Here, ȝ Ƞ is the permeability factor in the air in 
The operating point for the PM is determined by solving the intersection of two straight lines which is the B-H curve of PM and permeance line of the PMG as shown in Fig. 5 . The intersection point of these two lines is an operating point of the PM for the particular permeance model. The angle, Ĵ of the permeance line slope can be found as in (3) . Consequently, the PM flux density, B k and PM field intensity, H k can be calculated as in (4) and (5) respectively. As a result, the flux induced by the PM was calculated as in (6). 
C. Inductance Calculation
The inductance, L c and resistance, R c of the coil winding is calculated as in (7) and (8), respectively. The permeance for the coil was used to determine the inductance. In this case, the PM area is assumed as air. Focus will only be given to one pole since the other poles are identical. These values are necessary in order to identify the characteristic of the PMG especially the maximum current in the circuit. Furthermore, the capability of the generator is limited by the impedance of the stator coil [3] . Here, N is the number of turns and ȡ is the coil resistivity [ȍ/m]. 
D. Output Power Calculation
The generated voltage, E G by the PMG for one pole is calculated as in (1) . Maximum current when load is connected to the generator is calculated as in (9). According to this equation, it shows that the maximum current is dependent to the induced voltage as well as inductance. Thus at high speed, the current value will reach saturation state. 
It is required to consider the power losses occurred in the machines during the operation of the PMG in order to examine the validity of the calculation method proposed. Machine losses that considered here including the armature reaction effect, copper losses, hysteresis losses, and eddy current losses. Armature reaction field is usually only around 10-20% of the magnitude of the open circuit field [4] . The armature reaction effect is estimated based on the inductance and current of the coil winding as shown in (10) [5] .
The copper losses, hysteresis losses, and eddy current losses are estimated using (11) [6] . Here, f is the frequency in 
The output power is equal to power generated by the generator minus the armature effect and losses power in the circuit. Thus, the total output power from the generator, P out is calculated based on (12). 
IV. ANALYSIS OF OUTPUT POWER ON SLOT-LESS PERMANENT MAGNET GENERATOR
A. Analysis Parameter of Slot-less PMG
The design of the slot-less PMG assumes a fixed stator size which is diameter of 104 mm and 20 mm thickness, but different rotor's outer diameter. As a result, the size of air gap is varied. The number of pole is varied from 4 poles to 14 poles. Since the overall size of the PMG is fixed due to its application, the rotor radius was varied from 29 mm to 39 mm. Consequently, the size of PM was also varied to observe its effect to the PMG performance. Size of PM is dependent to the size of the rotor.
B. Characteristic of Slot-less PMG
The calculated variation of the output power on the PMG running at 8000 rpm as a function of the radius rotor and number of pole is shown in Fig. 6 . The maximum output power can be reached by the PMG at 8000 rpm is about 655 W for 6-pole with the rotor radius is equal to 37 mm.
Initially, as the number of pole and radius of the rotor increases, the output power capability is improved. This is due to the fact that the total flux density is increased in the PMG. However, if the number of pole and radius of the rotor is furthermore increased, the output power capability tends to decrease due to the limitation of current as the effect of inductance value.
For each number of poles, it will reach maximum output power at different rotor size. Normally, the maximum output power for this size of slot-less PMG is when the rotor radius is between 35 mm to 37 mm as shown in Fig. 6 .
Based on the maximum point for each pole number identify earlier, the variation of output power for each number of poles is depicted in Fig. 7 when the PMG running at 8000 rpm. As can be seen, the calculation and simulation results show a good agreement. As a result, the analysis method could have the similar performance characteristic as the prototype. In order to verify the analysis method, the output power, resistance, and inductance of the PMG are compared with measurement and simulation results. The prototype of the PMG consists of 12-pole with outer rotor radius of 37 mm and the size of PM is 20 x 20 x 6 mm 3 as shown in Fig. 8 . The prototype is not based on the optimization of the slotless PMG discussed previously because it was design at the early development of the PMG. Fig. 9 shows the output power for prototype of the PMG including calculation, simulation and measurement result. The calculated and simulated variations of output power as a function of speed for the optimization model also shown in Fig. 9 . As can be seen, the value and performance characteristic between measurement, calculation, and simulation are in good agreements. The calculation error of output power at 8000 rpm is about 6% and 8% for both measurement and simulation respectively.
The comparison of output power, inductance and resistance of the prototype and optimization model of the PMG is shown in Table 1 . All the value is almost similar for the prototype of the PMG. For the optimization of PMG, the objective of this paper is achieved where output power 500 W could be produced. In this paper, the design and analysis of a single phase slot-less PMG was discussed. The performance of the PMG as well as the effect of rotor and magnet size has been studied. Furthermore, calculation model for a slotless type PMG has been developed. The analytical method to predict the comparison performance of the PMG is presented by using PAM. Based on the result, it shows that the number of pole and size of the rotor influences the output of the PMG. It is observed from the result that the maximum output power is achieved when the slot-less PMG has 6-poles with rotor size is 37 mm. 
